Reactivation was induced by explantation of dorsal root ganglia (DRG) from mice that were latently infected with herpes simplex virus type 1. Reactivation was first detected, using combined in situ hybridization and immunocytochemistry, at 2 or 3 days post-explantation (p.e.). Evidence of reactivation was found primarily in neurons that did not also contain latency-associated transcripts (LATs). Occasionally, mRNA of immediate early gene 2 (IE2) or IE4/5, in the absence of other viral mRNAs or antigen, was found in LAT + neurons. Thus, if reactivation was occurring in LAT + neurons, the LATs must have been lost as an early consequence; however we could detect neither a decrease in the percentages of LAT + neurons nor a reduction in the intensity of the LAT signal during the period of reactivation. However, the number of foci of reactivation was generally less than 2'9% of the estimated number of LAT + cells in the DRG; this may account for our failure to see such changes. A redistribution of the LATs into the cytoplasm was found in some cells but this could reflect the poor survival and consequent death of the explanted neurons. We conclude that the majority of LAT + neurons did not reactivate on explantation and that if reactivation occurred only in LAT + neurons, the LATs must have been removed from the nucleus as an early consequence of reactivation. Alternatively, there may be a population of latently infected cells that do not express LATs.
Introduction
Subcutaneous injection of herpes simplex virus type 1 (HSV-1) into the footpad of a mouse results in the establishment of latently infected neurons in dorsal root ganglia (DRG). The only virus-specific transcription known to occur in such latently infected cells is that of the latency-associated transcripts (LATs) but their function remains unclear (for review, see Fraser et al., 1992) . The three collinear LATs (2-0 kb, l'5kb and 1.45 kb) accumulate in the nuclei of latently-infected neurons; the 2.0 kb LAT is also found at low levels during lytic replication in tissue culture cells (Spivack & Fraser, 1987 Wagner et al., 1988) . The LATs are known to overlap the 3' terminus of the IE1 sequence and are transcribed from the complementary strand of DNA (Rock et al., 1987; Spivack & Fraser, 1987; Stevens et al., 1987) .
Several hypotheses have been advanced to suggest a function for the LATs. The 2 kb major LAT may be an intron (Dobson et al., 1989; Farrell et al., 1991) spliced from a larger 8-5 kb transcript (Mitchell et al., 1990; Zwaagstra et al., 1990) . On the other hand, the 2 kb and 8"5 kb LATs may represent alternative transcription units, the 2 kb LAT itself being spliced into smaller forms (Wagner et al., 1988; Wechsler et al., 1988) thus revealing potential open reading frames (ORFs; Spivack et al., 1991) . Antibody to this putative LAT-associated polypeptide recognizes antigen in latently-infected neurons in tissue culture (Doerig et al., 1991) but there is no report ofa LAT-associated protein in vivo. It was also postulated that LATs might function as an antisense inhibitor of IE1 (Stevens et al., 1987) and the 2 kb LAT has been shown to inhibit IE1 trans-activation in vitro (Farrell et al., 1991) . Mutant viruses, unable to express LATs, are able to establish, maintain and reactivate from latent infections, so there is no absolute requirement for LAT expression. However LAT expression is generally regarded as a reliable marker for the presence of latent virus, particularly in peripheral neurons.
Although viruses unable to express the 2 kb LAT were able to reactivate on explantation of the DRG (Block et al., 1990; Ho & Mocarski, 1989) , some did so with delayed kinetics (Hill et al., 1990; Leib et al., 1989; Steiner et al., 1989; Trousdale et al., 1991) . This led to the suggestion that expression of LATs potentiated reactivation. Using more discrete lesions, recent studies have shown that although lesions in the TATA element of the LAT promoter either reduced (Rader et al., 1993) or negated (Deshmane et al., 1993 ) the expression of 0001-2277 © 1994 SGM
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LATs, reactivation was normal following explantation of trigeminal ganglia. Conversely, a deletion of the CRE element of the LAT promoter reduced reactivation without affecting expression of LATs (Rader et al., 1993) . However, the importance of the LATs themselves may depend on the site of latency (Sawtell & Thompson, 1992) or whether reactivation was induced in vivo or alter explantation in vitro (Hill et al., 1990; Trousdale et al., 1991) , Although explantation is an accepted method for studying reactivation of latent virus, the results are difficult to interpret. A DRG with fewer sites of reactivation will release less virus which, in turn, will take longer to be detected: it does not mean that reactivation is delayed. It is also unclear whether reactivation occurs in all latently infected cells. Such questions can be answered only at the level of the individual cell and only then can we determine whether explantation is a good model for reactivation of latent virus.
In our previous studies, we attempted to investigate reactivation in vivo following neurectomy of the sciatic nerve (Ecob-Prince et al., 1993b) . Although there was evidence of IE gene expression 2 to 4 days after the operation, virus-specific antigen was not detected in the cells and, on explantation, virus reactivation in the explanted DRG was similar to that of unoperated DRG. This raised the question of whether neurectomy had, in our hands, been of a sufficient stimulus as to cause reactivation of latent virus, resulting in lytic replication and subsequent loss of latent sites, as demonstrated by others (McLennan & Darby, 1980; Tenser et al., 1988) .
We have now investigated reactivation, at the level of individual cells, following explantation of latently infected DRG into culture. Explantation involves a severe 'neurectomy' by which the neurons lose most of their axonal cytoplasm as well as trophic influences from both the peripheral target and the circulatory system. The stimulus is known to reactivate latent virus and should be the same for all cells in the DRG. Previously we had shown that the mutant in1814 (Ace et al., 1988) established a higher percentage of LAT + neurons than did either its rescuant (1814R) or the wild-type HSV-1 (wt HSV-1) from which it was derived (Ecob-Prince et al., 1993a) . Nevertheless, despite the higher number of LAT + cells, the number of cells in which reactivation occurred either in vivo or in vitro at the level of explanted DRG was not increased accordingly (Ecob-Prince et al., 1993b) . Therefore we used all three viruses in this study to investigate whether, at the cellular level, there was a correlation between the number of LAT + neurons and the number of cells in which virus could reactivate. We have investigated whether explantation stimulated reactivation in all latently infected cells, whether reactivation occurred in a synchronous fashion and whether reactivation was in LAT ÷ neurons. We have also considered whether explantation of latently infected DRG is itself a good model of reactivation of HSV.
Methods
Virus stocks and inoculation of mice. All virus stocks were produced and assayed in BHK-21 cells grown in Eagle's MEM supplemented with 10% newborn calf serum (NCS). The wt HSV-1 used in these studies was the Glasgow strain 17 + (Brown et al., 1973) taken from an elite stock with a low passage number. The insertion mutant in1814 (which lacks the trans-activation function of Vmw65) and its revertant 1814R have been described previously (Ace et al., 1989) . Virus stocks were diluted to 4x 106p.f.u./ml in PBS containing 10% NCS and 0.025 ml (105 p.f.u./mouse) was inoculated subcutaneously in the right footpad of 3 to 4-week-old male BALB/c mice.
Reactivation in vitro. Six to 12 weeks after inoculation, DRG from thoracic level 13 (T13) to lumbar level 6 (L6) were dissected out and explanted separately into the wells of a 96-well plate. They were cultured for 1, 2, 3, 4, 5, 7 or 21 days at 37 °C in BHK medium containing 10% NCS, 10% fetal calf serum (FCS), antibiotics and 2-5 gg/ml amphotericin B. Supernatants from DRG of 10 mice were removed at each time point to be assayed in the presence of 3 mMhexamethylene bisacetamide (HMBA; Sigma) for release of reactivated virus. In the presence of HMBA, in1814 plaques on BHK cells with the same efficiency as wt HSV-1 (McFarlane et al., 1992) but the drug has no effect on the efficiency of plaque formation by wt HSV-1 and so was used routinely in the assay, irrespective of the virus type. Alternatively, cultured DRG were also fixed at the daily intervals in 4% paraformaldehyde, embedded and serially sectioned (5 Ixm) onto slides coated with aminopropyltriethoxysilane (Maddox & Jenkins, 1987) , as previously described (Ecob-Prince et al., 1993a) , to detect virus-specific antigen and mRNA produced by virus reactivating in the explanted DRG. For these studies, the DRG from two or three mice were used in each of two experiments for each of the early time points, giving a total of four to six mice for each virus at 0, 1, 2, 3 and 4 days postexplantation (p.e.). Two mice were used for each of the later time points. The results from observation of serially sectioned DRGs from a total of 85 mice are presented.
Immunocytochemistry. Paraffin sections were rehydrated to PBS and reacted with a rabbit polyclonal antibody to HSV (Dakopatts) which was visualized using a peroxidase ABC reaction (Vectastain). All antisera were pretreated with RNase inhibitor to prevent loss of the signal detected in the subsequent in situ hybridization (ISH). Every section for each of three mice at 2 (wt HSV-1) or 3 (in1814 or 1814R) days p.e. was stained for virus antigen and used to count directly the number of single cells or loci of cells that were antigen-positive.
Probes. Plasmids containing fragments of IE1/LAT and UL18 in pT7T3 19U were kindly provided by Dr Frazer Rixon. The riboprobe for LAT and IE1 mRNA has been described before (Ecob-Prince et al., 1993a) . The 2563 bp fragment contains the sequence between the Sail and BamHI restriction sites [nucleotides 120 902 to 123 459 according to Perry & McGeoch (1988) ] of the BamHI B fragment of wt HSV-1 DNA. In the sense direction it recognizes the 2 kb LAT and in the antisense direction it recognizes IE1 mRNA. A 1340 bp fragment containing the UL18 ORF was released from pMJ521 by digestion with BamHI and Sail and ligated into a BamHI-SalI-digested pT3T7 19U vector to give pT318 (Nicholson, 1992 In situ hybridization (ISH). After immunocytochemistry, serial sections were each reacted with a different probe to determine the coincident expression of different genes in the same cell. The percentage of LAT + cells was calculated by counting the total number of LAT + nuclei and dividing it by the total number of neuronal nuclear profiles in at least 10 sections, involving at least 1000 neuronal nuclei. The methods used have been described previously (Ecob-Prince et al., 1993 a; Griffiths et al., 1989) . Briefly, sections were rehydrated, refixed in 4% paraformaldehyde, treated with proteinase K (20 gg/ml for 10min at 37°C), followed by acetic anhydride (0.25% in 0.1 Mtriethanolamine for 10 min at room temperature) and dehydrated again before adding the probe. The probe was diluted 10-fold in stock hybridization mix (50% formamide, 10% dextran sulphate, 20 mMTris-HCl pH 8-0, 0-3 M-NaC1, 5 mM-EDTA, 10 raM-sodium phosphate buffer pH 8-0, 0.5 mg/ml yeast tRNA and 1 x Denhardt's solution) and then heated at 80°C for 2min before quenching on ice. Hybridization was done at 50 °C for 18 to 21 h. Slides were then washed at 65 °C in 50% formamide in 2 x SSC (0'3 M-NaC1, 0.03 Mtrisodium citrate) with 0.1 M-DTT for 20 min, digested with RNase A (20 gg/ml in 0-5 M-NaC1 with 10mM-Tris-HCl pH 7-5 and 5 mM-EDTA) for 30 min at 37 °C, washed in 50% formamide again and then washed in decreasing concentrations of SSC before being dehydrated in alcohols containing 0-3 M-ammonium acetate. Dried slides were coated with Ilford K5 nuclear emulsion and exposed for 6 days at 4 °C before being developed in D19 and fixed in Hypam. Slides were then counterstained with haematoxylin, dehydrated and mounted.
Histology. Stains for cresyl fast violet and Palmgren's silver impregnation were done as routine preparations (Disbrey & Rack, 1970) .
Results
DRG from latently-infected animals were explanted into culture and the onset of reactivation was investigated in two ways. At daily intervals, supernatant medium was removed and assayed for the presence of cell-free virus. In addition, also at daily intervals, DRG were fixed, embedded in paraffin and serially sectioned to investigate the location and distribution of virus-specific antigen ( Fig. 1 ) and mRNA in individual neurons. Although the presence of virus-specific antigen could be assessed in every section, it was not possible to determine a full profile of the mRNAs present in each cell. An individual neuron could occasionally be followed through as many as seven sections but was usually present in three to five sections, so it was not possible to hybridize all the riboprobes to each cell. Moreover, because LATs are confined to the nucleus in latently-infected neurons, a cell could not be scored for the presence of LATs unless the section hybridized with the LAT riboprobe went through the nucleus of that particular cell. If other mRNAs were in similarly restricted areas, their presence could also be missed. An absence of hybridization, therefore, did not always indicate an absence of mRNA in that particular cell. This meant that we were able to investigate only positive associations of one RNA with another and were usually unable to determine whether all six RNAs were present in one cell although their individual associations with antigen could be assessed in every section.
There was no evidence of spontaneous reactivation in any of the latently infected mice examined and no evidence of reactivation during the first day in culture of DRG from animals infected with wt HSV-1, in1814 or 1814R (Table 1) . Reactivation was first detected in DRG latently-infected with wt HSV-1 where virus-specific mRNA with or without antigen was found in sections at 2 days p.e., most often in L4 or L5 DRG. This involved mainly single neurons but also involved spread to closely associated non-neuronal cells such as satellite cells around the neurons and Schwann cells in the nerve root. By 3 days p.e., such foci were larger and more numerous involving adjacent neurons, and cell-free virus was often detected in the supernatant of the DRGs which contained them. Reactivation of virus in DRGs from animals latently infected with in 1814 or 1814R was qualitatively indistinguishable from that of animals latently infected with wt HSV-1, but was delayed, being detected first in the sections at 3 days p.e. and in the supernatants at 4 days p.e. By 10 days p.e., 90 % or 85 % of DRG latently infected with in1814 or 1814R, respectively, had reactivated, compared to 80% of DRG with wt HSV-1.
Reactivation (judged by the expression of virus-specific mRNA and antigens associated with lytic replication) at either 2 (wt HSV-1) or 3 (in1814, 1814R) days p.e. was found primarily in neurons that did not contain LATs (Fig. 2a, b) . Most (99 %) of the LAT + neurons (Fig. 2a) showed no evidence of reactivation. In these LAT neurons, various mRNAs could be found, sometimes in association with virus antigen accumulation. The mRNA for IE2 was expressed alone, particularly in antigennegative cells, but could otherwise be found in antigenpositive cells that might also contain IE4/5 mRNA. The mRNA of IE4/5 could be found in isolation or with IE2 mRNA, but in about half of the cells it was co-expressed with mRNA for Vmw65, IE1 or ULI8, particularly in antigen-positive single cells, in foci of antigen-expressing cells, IE2 or IE4/5 mRNA were found only occasionally and the signals for IE1 and UL18 were of greatest intensity.
Rarely, evidence of reactivation was also found in cells that contained LATs (Fig. 2c, d ). The signal for LAT was located in neuronal nuclei and gave a heavy, medium or light intensity of grains, as described before (Ecob-Prince et al., 1993a) . In a few such cells (about 10 in 1000 LAT + nuclei), mRNA of IE2 or IE4/5 was detected, but these p i 0 Fig. I (left) . Section through a DRG latently infected with 1814R, 3 days p.e., which has been stained by immunocytochemistry for virus antigen. A single neuron contains the brown deposit indicating the presence of virus-specific antigen. The section was counterstained with haematoxylin. Bar marker represents 25 jam. 5" ABC/ISH on sections of T12 to L6 of at least four mice (more than 32 DRG per point).
cells always lacked expression of any other virus-specific mRNA or protein (Fig. 2d) . Neither was there an association with a particular intensity of LAT signal. Of the thousands of LAT + neurons observed in the study, none were associated unequivocally with the expression of virus-specific antigen or early/late mRNAs. At late times after explantation (4 days p.e. for DRG infected with wt HSV-1 or 5 days p.e. for in1814 or 1814R-infected DRG) the LAT probe hybridized to a signal dispersed over the cytoplasm and nuclei of cells that also expressed high levels of virus antigen and early/late mRNA. We presume this to be the expression of the 2 kb LAT, previously shown to be expressed during lytic replication (Spivack & Fraser, 1987 Wagner et al., 1988) . This was quite distinct from the appearance of LATs in latently infected cells, some of which were still present in the sections of DRG even at these later times after explantation. It therefore appeared that virus reactivated in very few of the cells that still contained LATs. So, the remainder of the reactivation must either have been from latently infected cells in which LATs had been removed as a prerequisite or early consequence of reactivation, or reactivation was from another population of latently infected cells that did not express LATs.
If reactivation was occurring exclusively in at least a proportion of LAT + neurons, the presumed downregulation of the LATs should result in a decrease in the percentage of LAT + cells over the period of reactivation. Therefore we took groups of animals that were latently infected with each of the viruses and estimated the percentage of LAT + neurons present in the DRG either
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2021 before or at 1, 2 or 3 days p.e. Table 2 shows the percentage of LAT + neurons in L4 DRGs of latently infected animals, all of which had evidence of reactivation at 2 (wt HSV-1) or 3 (in1814, 1814R) days p.e. There was considerable variation in the values between animals within each group and so the individual values are shown. However, there was no consistent or statistically significant decrease in the numbers of LAT + cells around the time of reactivation in DRG infected with any of the viruses. Similar tables have been constructed (results not shown) for each DRG from T12 to L6 for each of the viruses, some of which would have no evidence of reactivation at these earlier times of 2 or 3 days p.e. The tables did not indicate a difference between DRG in which reactivation was occurring from those in which it was not, and similarly revealed no evidence that there was a reduction in the percentage of LAT + neurons around the time of reactivation following explantation.
We then considered whether there would be a shift in the proportion of LAT + cells from those with a heavy intensity of grains to those with a light intensity, indicating a possible down-regulation and/or removal of LATs, around the time of reactivation. We have previously described (Ecob-Prince et al., 1993a) and defined the different levels of grain intensity over LAT + cells as light (< 50 grains), medium (50 to 120 grains) or heavy (those with so many grains as to be uncountable). It can be seen from Table 3 that the LAT + nuclei prior to explantation of DRG from animals latently infected with wt HSV-1, in1814 or 1814R can be divided into about 29 % with light, 34 % with medium and 37 % with heavy grain intensities. Although there are a few animals in all groups in which the percentage of neurons with a light intensity rises to 60 to 70 % (and heavy intensity reduces to under 10 %), this did not correlate with the periods of reactivation and was not consistent between animals in the same group. Therefore, there was no evidence of a shift in the intensity of grains over LAT + neurons from a heavy to a light distribution.
However we had noted that the signal for LAT could appear, in a few neurons, to be 'scattered' throughout the cell (Fig. 3) . This appearance was found occasionally in neurons at 2 days p.e. (where the nuclear profiles could also be seen) but was found more frequently in DRG explanted for more than 4 days (irrespective of the virus with which the mice had been inoculated) where nuclear profiles were less obvious. The total lack of viral antigen or other mRNAs in these cells demonstrated that this was not the expression of LAT associated with lytic replication. It might suggest that LATs were being transported to the cytoplasm, possibly after splicing and/or prior to translation. Alternatively, the scattered LATs could indicate there was a breakdown of the 18"1, 11"9, 12'7, 4"2, 2'6, 2'3, 9"9, 10"7, 9"9, 11"9, 9"6, 2"8, 6"6, 10"3, 13"7 10'9, 4"4 5'7 3"0, 5"6 12"6 4"9 9'1 6'6 1814R 13"7, 1"5, 15"8, 17"3, 2"4, 1"1, 2'3, 4"6, 1'8, 15"6, 22'7, 5"9, 19"6, 7"0, 27"2 12"3 4"3 4"9, 1"8, 4"9 14'1 8"3 3"3 9"3 * Reactivation was first detected in DRG from animals infected with wt HSV-1 at 2 days p.e., and in those infected with in1814 or 1814R at 3 days p.e.
t Numbers in bold are mean values. Table 3 .
Percentage of LAT + neurons in DRG from T12 to L6 which have a light (L), medium (M) or heavy (H) intensity of grains over their nuclei, either before explantation or at different times after explantation-induced reactivation
LAT + neurons in T12 to L6DRG(%) at different days p.e. nuclear membrane associated with death of the explanted neurons.
We therefore investigated whether the neurons were healthy in the explanted DRG. Serial sections from DRG of the mock-infected control mice which had been fixed at 1, 2, 3, 4, 5, 7 and 10 days p.e. were stained with cresyl fast violet to demonstrate the Nissl substance (RNA and polyribosomes of the rough endoplasmic reticulum) characteristic of neuronal cytoplasm, or with Palmgren's silver impregnation to demonstrate the presence and organization of neurofilament. Only the appearance of sections stained for Nissl substance are presented (Fig. 4) but results of the silver stains gave similar conclusions. The DRG prior to explantation contained densely packed neuronal cell bodies (Fig. 4a) , each with a central nucleus and prominent nucleolus, seen more clearly at a higher magnification (Fig. 4b) . By 1 day p.e., neurons in the central portion of the DRG stained poorly (Fig. 4c) whereas those in the peripheral rim still appeared relatively normal except for the eccentric nuclei (Fig. 4d) . However, after 3 days p.e., centrally located neurons had either been lost or were grossly abnormal (Fig. 4e) and even those in the peripheral region had eccentric nuclei and poor Nissl substance (Fig. 4f) . Neurofilament organization was lost from all but a few of the peripherally located neurons by 1 day p.e. and was disrupted or absent from most neurons by 3 days p.e. Therefore the neurons do not survive the effects of excision and explantation and by 3 days p.e. many had already been lost, particularly in the centre of the DRG. Therefore we concluded that the scattered pattern of LATs was probably a reflection of the breakdown of the nuclear membrane, rather than a reorganization of LATs prior to reactivation although this latter explanation cannot be excluded, particularly at times before 3 days p.e. In an attempt to prolong the survival of the neurons, we explanted DRG into media containing either 50 % NCS, 50 % FCS or 50 % horse serum (HS); a mixture of 25 % NCS and 25 % FCS or HS, or a mixture of 10% HS and 10% FCS. None of these media prolonged the survival of the DRG neurons over that in the usual 10% NCS plus 10% FCS. In sections observed during the study, the number of LAT + neurons always appeared to out-number the sites of reactivation. We therefore stained, for antigen, all the serial sections of DRG from each of three mice (for which the percentage of LAT + cells was known) for each of the viruses at either 2 (wt HSV-1) or 3 (in1814 and 1814R) days p.e. By microscopic observation of the slides, the actual number of antigen-positive areas was counted (Table 4) . These were either single cells which were found in one to seven serial sections (superscript S in the Table) , small foci which were found through five to 10 sections (superscript F in the Table) or large foci continuous through up to 15 or 26 sections (superscript L in Table 4 ). These counts do not include the small fraction of cells with IE2 or IE4/5 mRNA in the absence of antigen. Table 4 re-emphasizes the point that reactivation was most often associated with L4 DRG, and also with L3 and L5 DRG. Moreover, small foci of antigen-positive cells, and not just single cells, were found in these DRG, suggesting that reactivation had begun earlier and had already spread to adjacent cells. Reactivation was not synchronous. The total number of LAT + neurons per DRG has been estimated from the calculated percentage of LAT + cells, using the assumption that DRG T12 to L2 contain approximately 3000 neurons, that L3 and L6 contain approximately 3500 neurons and that L4 and L5 contain approximately 4000 neurons (M. Ecob-Prince, personal observation). The number of sites of reactivation was between 1-2 % and 2.9 % of LAT + neurons in the same DRG, irrespective of the virus type. One exception was found in the DRG of an animal which was latently infected with in 1814 (line a, in Table 4 ), where the number of foci of reactivation was 6.3% of the LAT + neurons present. However, these DRG also contained large foci of antigen-positive cells so the actual number of sites may be increased by the presence of secondary foci. Therefore there may be some correlation between the number of LAT + neurons and the number of foci of reactivation in each DRG.
Sections of DRG at 4, 5, 7 or 21 days p.e. were also investigated by combined ABC/ISH. Antigen foci increased in size and number with increasing time, involving more non-neuronal cells, particularly in the root of the DRG. Foci of reactivation in DRG from levels other than those of L3, L4 and L5 were seen more frequently. The larger foci contained little or no IE2 or IE4/5 mRNA but the signals for UL18 and IE1 were very strong. LAT expression typical of that seen in lytic replication (signal scattered over the cytoplasm and nucleus of antigen-positive areas) was also strong and, together with the changes associated with increasing death of neurons, made interpretation of the observations very difficult. Scattered LATs over antigennegative areas were also fairly common after 5 days p.e., although some cells still appeared to contain nuclear LATs typical of latently infected cells. By 7 days p.e., the level of viral mRNA associated with antigen-positive areas was reduced and by 21 days p.e., there was very little evidence of mRNA except in the few remaining non-neuronal cells that were still alive in the DRG which were now full of viral antigen.
Discussion
The results indicated that although the percentage of LAT ÷ neurons in animals latently infected with in1814 was similar to that described earlier (Ecob-Prince et al., 1993a) , mice latently infected with either wt HSV-1 or 1814R also contained large numbers of LAT + neurons. Infection with these viruses also resulted in fewer deaths of animals than before (results not shown) suggesting that these mice were more able to survive the infection. This emphasizes our earlier conclusion that the number and spread of LAT + neurons was not unique to in1814 but could also occur in mice that survived infection with wild-type or rescuant viruses. The results presented also suggest that the rescuant had a secondary mutation because of the heterogeneity of the wild-type parent stock (C. Preston, personal communication) and is not directly comparable to the wild-type virus used in this study.
Reactivation was judged by the presence of virusspecific mRNAs and antigens in serial sections of DRG, from which release of infectious virus into the supernatant had also been assessed. There were no qualitative differences between the events involved in reactivation of the different viruses. The virus in1814 which lacks the trans-activation function of Vmw65 appeared to reactivate as efficiently as the rescued revertant 1814R in the explanted DRG. This confirms previous findings (Steiner et al., 1990) and suggests that reactivation following explantation does not involve Vmw65, at least in the initial stages. The subsequent lytic replication may be affected but as the virus appears to spread only to adjacent cells, it will be infecting these at a high m.o.i, at which the requirement for Vmw65 is less important.
Reactivation was detected at the cellular level before virus was detectable in the supernatant. At these earliest times of 2 or 3 days p.e., reactivation was mainly in single neuronal cells or in small foci that included a neuron and its associated satellite or Schwann cells. The positive associations of virus-specific mRNAs with each other and with LATs as well as antigen were assessed from serial sections of DRG from at least four animals for each of three viruses for each time point of 0, 1, 2, 3 and 4 days p.e. There are obvious dangers in attempting to derive a dynamic interpretation from static observations. The sensitivity of detection will vary between different techniques and different riboprobes, reactivation did not occur in a synchronous manner and a full profile of all the different mRNAs could not be determined for every cell. Nevertheless, it was not possible to perform serial observations on a single animal as reactivation occurred, so we would like to propose the following scheme as a possible series of events involved in reactivation of latent virus following explantation of latently infected DRG. There was certainly a progression from antigen (Ag) being present in single cells, then in small foci and then in large foci as replication spread. The association of different RNAs with these stages is summarized as follows.
IE2
IE2 According to this scheme, the presence of IE2 mRNA with or without IE4/5 mRNA, in the absence of virus antigen, would indicate that virus was in the early stages of reactivation in that cell. Evidence of reactivation was found primarily in neurons which did not contain LATs in their nuclei. Rarely, expression of IE2 and/or IE4/5 was found in a neuron that did contain LATs in the absence of other virus-specific mRNAs or antigen, suggesting that these neurons were probably in the early stages of virus reactivation. If the LATs are downregulated or removed as a very early event in reactivation, it would explain why reactivation was found primarily in neurons that did not contain LATs. For example, IE3 mRNA (Vmw175), for which we did not have a riboprobe, negatively regulates expression from LAT constructs in co-transfection assays (Batchelor & O'Hare, 1990) and could be involved in the early stages of down-regulation of LATs in reactivation. Their active removal from the nucleus into the cytoplasm (for degradation or translation into the putative LAT-related polypeptide) may also be involved prior to the onset of lyric replication. We noted a dispersal of the LAT signal into the cytoplasm of some neurons in which there was no evidence of virus lytic replication. However, in-terpretation of our results is complicated by the fact that the neurons were dying around this time, and the dispersal even at early times after explantation may be the result of the breakdown of the nuclear membrane. Moreover, we were unable to demonstrate either a reduction in the percentage of LAT + neurons or a reduction in the intensity of the LAT signal from one of heavy to light intensity, either prior to or around the time of reactivation. If reactivation was from neurons which had previously contained LATs, then we might have expected to detect both phenomena.
We then compared, at early times after explantation, the total number of sites of reactivation with the estimated number of LAT + neurons for a particular DRG. The number of sites of reactivation was a slight underestimation because it did not include those few cells in which there was mRNA without antigen. Generally, DRG with the highest levels of LAT + cells had the highest number of sites of reactivation. There also appeared to be a relatively reproducible proportion of LAT + cells involved in reactivation, assuming that all reactivation was from LAT + cells. However such correlations do not show that reactivation was exclusively from LAT + neurons. Despite all neurons receiving a similar stimulus, reactivation involved very few cells, possibly less than 3 % of those which expressed LATs. The poor survival of the explanted neurons may contribute to the low numbers because virus can reactivate only in a lb)ing host cell. These small numbers of successful reactivations may also have contributed to our failure to detect an overall decrease in the numbers of LAT + cells or a shift from heavy to light intensity of the LAT signal around the time of reactivation. If the neurons had survived longer, reactivation may have occurred eventually in a higher proportion of neurons.
Nevertheless, the virus which did reactivate was found only rarely in LAT + neurons. However, if the LATs are removed as a prerequisite or early event in reactivation, and if it happens in such a short time frame that the chances of catching the event at any one moment (e.g. fixation) are rare, then reactivation will be detected in cells that no longer express LATs. However we cannot exclude the possibility that reactivation is occurring in latently infected cells that do not express LATs, such as those described in autonomic ganglia (Rodahl & Stevens, 1992) .
The death of neurons in the explanted DRG raises several interesting issues. It was always assumed that the stimulus for reactivation following explantation was indirectly the result of either the loss of cytoplasm, or the loss of neurotrophic factor from either the peripheral target or from the circulation. In either case, it would result in a switch in RNA transcription patterns in the neuron, from one of specialized function (e.g. neurotransmitter release) to one orientated to the repair and synthesis of membranes and cytoplasm (Wong & Oblinger, 1991) . The change in transcription factors/activity which this involved would, possibly inadvertently, also stimulate reactivation of the virus. Our finding that the neurons die as a result of explantation suggests that an alternative stimulus for reactivation, not mutually exclusive with the first, could be operating: that death of the cell stimulates reactivation or releases the virus from the effects of a repressor present in the living cell.
If cell death is the stimulus for reactivation in explanted DRG, the question arises as to whether this is an adequate model of reactivation in vivo. There is no evidence that natural reactivation in a patient who undergoes some form of' stress' is the result of sensory nerve cell death. However cell death may occur following section of the trigeminal nerve to relieve neuralgia, and it may also be true of the animal models in which nerve section was thought to stimulate reactivation. If too much of the cytoplasm is lost when the axon is severed, the cell may be unable to recover from the trauma and will die (Arvidsson et al., 1986; Ygge, 1989) . Similarly, neurons unable to find a peripheral target (by reinnervation following neurectomy) also die, possibly as a result of failure to receive neurotrophic factor(s) supplied by the target tissue. Reactivation in animal models using neurectomy has been most successful when the operation is most likely to have caused neuronal cell death, for example when the nerve has been severed as close to the cell bodies as possible (McLennan & Darby, 1980; Walz et al., 1974) , or when the DRG have been left neurectomized for more than 10 days (Tenser et al., 1988) (which is the usual time for re-innervation to be complete in the mouse). In fact, there can be as much as a 33% reduction in the number of neurons in an uninfected L5 DRG at 21 to 24 days post-neurectomy (Tenser et al., 1993) . When we investigated reactivation in DRG that had been similarly neurectomized, but left for less than 10 days, we did not find evidence of reactivation resulting in lytic replication (Ecob-Prince et al., 1993b) .
In conclusion, explantation of latently infected DRG causes reactivation of virus in only a small number of neurons possibly because the majority of the neurons are killed by the explantation and virus can reactivate only in a living host cell. We could not detect an overall reduction in the percentage of LAT + neurons nor a redistribution in the LAT signal from either one of heavy to light intensity or nuclear to cytoplasmic. However our failure to detect such changes could reflect the small numbers of cells involved and non-specific changes due to neuron cell death. If reactivation does occur exclusively in LAT + cells, our evidence would suggest that LATs are removed from the nuclei either as a prerequisite or very early consequence of reactivation. We cannot exclude the possibility that reactivation may also occur in latently infected cells that do not express LATs.
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